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Abstract
■ External feedback provides essential information for success-
ful learning. Feedback is especially important for learning in early
childhood, as toddlers strongly rely on external signals to deter-
mine the consequences of their actions. In adults, many electro-
physiological studies have elucidated feedback processes using a
neural marker called the feedback-related negativity (FRN). The
neural generator of the FRN is assumed to be the ACC, located in
medial frontal cortex. As frontal brain regions are the latest to
mature during brain development, it is unclear when in early
childhood a functional feedback system develops. Is feedback
differentiated on a neural level in toddlers and in how far is
neural feedback processing related to childrenʼs behavioral
adjustment? In an EEG experiment, we addressed these ques-
tions by measuring the brain activity and behavioral performance
of 2.5-year-old toddlers while they played a feedback-guided game
on a touchscreen. Electrophysiological results show differential
brain activity for feedback with a more negative deflection for
incorrect than correct outcomes, resembling the adult FRN. This
provides the first neural evidence for feedback processing in
toddlers. Notably, FRN amplitudes were predictive of adaptive
behavior: the stronger the differential brain activity for feedback,
the better the toddlersʼ adaptive performance during the game.
Thus, already in early childhood toddlersʼ feedback-guided perfor-
mance directly relates to the functionality of their neural feedback
processing. Implications for early feedback-based learning as well
as structural and functional brain development are discussed. ■
INTRODUCTION
Monitoring the consequences of oneʼs actions is crucial
for successful learning. Feedback informs humans about
the consequences of their behavior. The cognitive pro-
cess of monitoring action outcomes based on external
signals is called “feedback processing” (Müller, Möller,
Rodriguez-Fornells, & Münte, 2005). In early childhood,
when milestones of motor, cognitive, and social develop-
ment expand young childrenʼs abilities of interacting with
their environment, feedback processing is especially
important for learning. It enables young children to
evaluate their daily actions and to learn how to adjust
future actions (Bohlmann & Fenson, 2005). Yet, little is
known about how toddlers process feedback in early
childhood and how this guides their behavior.
In adults, electrophysiological studies have demon-
strated differential brain activity for feedback indicating
correct and incorrect outcomes (Walsh & Anderson,
2012). More specifically, in the ERP locked to feedback
onset, a larger negative deflection is found about 200–
300 msec after feedback indicating incorrect outcomes
(see Walsh & Anderson, 2012, for a review). This neural
marker of feedback processing is called the feedback-
related negativity (FRN) or medial frontal negativity and
has been associated with learning and adaptive behavior
(Cohen & Ranganath, 2007; Gehring & Willoughby, 2002;
Holroyd & Coles, 2002; Miltner, Braun, & Coles, 1997).
Findings based on fMRI research suggest that the ACC,
a medial prefrontal brain structure, plays a key role in
feedback processing (Holroyd et al., 2004; Ridderinkhof,
Ullsperger, Crone, & Nieuwenhuis, 2004). During brain
development, ACC shows a protracted maturation com-
paredwithmore posterior brain regions (Casey, Tottenham,
Liston, & Durston, 2005; Gogtay et al., 2004). Besides
structural maturation, ACC also shows developmental
change in functionality (e.g., for processing the informative
value of feedback) until late adolescence (Crone, Zanolie,
van Leijenhorst, Westenberg, & Rombouts, 2008; Crone,
Somsen, Zanolie, & van der Molen, 2006). Together, these
findings suggest an immaturity of brain structures and
functions related to feedback processing in early child-
hood. Still, in the third year of life, feedback-guided
learning is evident in toddlersʼ motor and cognitive
behavior. At this age, children are sensitive to external
feedback on their actions (Bohlmann & Fenson, 2005).
This raises the question whether toddlers show differen-
tial brain responses to feedback and in how far feedback-
related brain responses might be related to adaptive
behavior. Given that frontal brain regions are still in a
developmental state, interindividual variation in neural
differentiation might be linked to behavioral measures
of feedback processing (i.e., adaptive behavior).
We conducted an ERP study in which 2.5-year-old
toddlers played a simple feedback-guided game. During
each trial of the game, toddlers went first through a
gambling phase (i.e., the chances for a correct response
were at chance) and an informed phase in which the1Radboud University Nijmegen, 2Leiden University
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toddlers could make use of the feedback provided
during the gambling phase to guide their performance
accordingly. Our hypotheses were twofold: First, if
toddlers can differentiate feedback information, we
would expect them to show a feedback-locked ERP with
a more pronounced negativity following incorrect out-
comes, as described in the adult literature (Holroyd &
Coles, 2002). Second, we hypothesized that the degree
of neural feedback differentiation between correct and
incorrect outcomes would reflect the functionality of
the developing feedback processing system (Hämmerer,
Li, Müller, & Lindenberger, 2010; Cohen & Ranganath,
2007). Hence, we expected the FRN difference for cor-
rect and incorrect outcomes to be related to childrenʼs
feedback-guided performance during the informed phase
of the game.
METHODS
Participants
Nineteen 30-month-old toddlers were recruited from a
database of families who had signed up for participation
in child research at the Baby Research Center in Nijmegen,
the Netherlands. Parents gave written consent after receiv-
ing information about the methods and purpose of the
study. The families visited the laboratory for a session of
approximately 1-hr duration. They received a small present
or monetary compensation for their participation. The final
sample consisted of 12 toddlers (seven girls; mean age =
30.68 months, SD= 0.19 months). Another seven toddlers
were tested but were excluded from final analyses for one
of two reasons. One child was unwilling to wear the EEG
cap. The other six participants did not provide a sufficient
amount of artifact-free EEG trials that were also behav-
iorally valid trials (for details about the inclusion criteria,
see Data Analysis).
Task and Stimuli
The toddlers performed a computerized task that was
implemented using a touch screen interface. The aim
of the task was to find two cards with identical pictures.
The stimulus set consisted of cards with 11 different
animals, which toddlers are typically familiar with and
able to name (e.g., a cow, a lion, a pig). Each trial started
out with three cards, presented on the screen in a vertical
configuration, with the middle card always defined as the
“reference” card. The upper and the lower cards showed
an animal that was either identical to or different from
the animal shown in the middle (see Figure 1A). In the
“initial phase,” the toddlers were asked to identify the
card that was identical to the reference card and to indi-
cate their choice by pressing the respective card on the
screen. The initial phase was aimed to (1) ensure task
understanding and (2) prevent children from deliberately
choosing a wrong card out of curiosity about the identity
of a hidden card in the subsequent phases. Upon press-
ing the matching card, both the upper and the lower card
turned face-down, leaving the animal pictures hidden
from sight. (Note that, at this point, pressing the mis-
matching card, reference card, or any other location on
the screen would not trigger any effect.) Once the upper
and lower card were turned face-down, the “shuffle
phase” commenced. Here, the upper and lower card
moved in a swift, circular pattern around the stationary
reference card for approximately 2 sec (see Figure 1B).
The shuffling was quick, and the final pattern random
such that it was impossible to track the cardsʼ move-
ments and derive accurate predictions about their ending
positions. The cards ended up in a horizontal configura-
tion (see Figure 1C). The “first turn (gambling phase)”
followed. It was the childʼs task to try to find the card
depicting the animal identical to the reference card by
pressing either the left or the right card. Upon pressing,
Figure 1. Exemplar sequence
of events in a single trial.
(A) “Initial phase”: Participants
were instructed to select the
matching card, which contained
the picture that was identical
to the reference (middle) card.
(B) “Shuffle phase”: The
matching card and mismatching
card were shuffled (face-down).
The experimenter explained:
“Now the animals will hide.”
(C) “First turn (gambling phase)”:
the experimenter asked the child:
“Where is the other [animal
name]?” referring to the identity
of the animal shown on the
reference card. The participant
guessed whether the matching card was located on the left or the right (shown is a situation in which the card on the right was chosen). (D) The picture of
the chosen card was revealed (shown is an example of an incorrect first turn, i.e., the mismatching card was found). The nature of the outcome
(correct/incorrect) was unpredictable. (E) “Second turn (informed phase)”: The participant made a second attempt to find the matching card.
(F) On the basis of the knowledge gained in the first turn, a correct outcome could, theoretically, be obtained in each second turn.
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the chosen card turned face-up and revealed its picture
(see Figure 1D). The picture presentation served as visual
feedback as to whether the child chose the correct or
incorrect card (i.e., the outcome of the first turn was
correct when the card that matched the reference card
was found and incorrect when the mismatching card
was found). In case the child had found the correct
card, an additional auditory stimulus (the correspond-
ing animal sound) followed 1000 msec after the picture
presentation of the card. If the incorrect card had been
found, a low-pitched beep sound followed after 1000 msec.
The duration of the auditory stimuli was approximately
1 sec. Simultaneous to the auditory stimulus (i.e., delayed
with respect to the visual picture appearances), the
experimenter also gave verbal feedback: “yes, you have
found it,” in case of the matching card and “no, thatʼs
not the one” in the case of the mismatching card. Note
that the auditory and verbal feedback served only to
encourage the children and was not the feedback
assessed in analyses. Instead, the feedback-locked ERPs
were time-locked to the visual feedback, that is, the
appearance of the picture on the back of the chosen
card. The chance of finding the matching card in the
first turn was 50% as we provided two options to
choose from and no additional information as to which
card was the correct card. Thereby, approximately half
of the trials had correct (and half incorrect) action out-
comes on the first turn. Next, in the “second turn (in-
formed phase),” the chosen card (independent of its
correctness) turned face-down again while remaining
at the same location, so that both the left and the right
animal pictures were hidden from sight once more. This
last phase of each trial followed an identical procedure
to the first turn (i.e., the experimenter asked where the
animal identical to the reference picture was hidden
and the child could choose either the left or the right
card; see Figure 1E, F). The crucial difference between
the first and the second turn was the predictability of
their outcome. On the basis of the outcome of the first,
gamble choice, toddlers could infer the location of the
matching card in the second turn. The rationale to include
the second turn was to ensure that toddlers understood
the goal of the game and the feedback in the gambling
phase and to test whether toddlers could make use of
the feedback in their subsequent performance. Thus,
childrenʼs choice behavior in the second turns (informed
phase) allowed us to investigate whether they adjusted
their actions according to the feedback information
obtained in the first turns. Note that each trial contained
a second turn, that is, the occurrence of the second turn
was fixed and independent of the outcome of the first turn.
Procedure
The experiment took place in an electrically shielded
room. Before starting the testing session, parents were
instructed not to interfere during the measurement and
to minimize any interaction with their child during the
experiment. Throughout the session, the toddlers sat
on the lap of a parent. After preparing the EEG cap,
the experimenter explained the goal of the game (finding
the matching animal) and demonstrated two trials. The
parent was instructed not to actively engage in the game
or influence their childʼs behavior in any way. Toddlers
could play a total of 55 trials (each consisting of two con-
secutive turns), taking approximately 25 min of playing
time. There were five blocks in which each of the 11 dif-
ferent animals appeared on the reference card once. The
order of reference animals within blocks and the identity
of the mismatching animal were randomized.
EEG Recording
The experiment was controlled by Presentation Software
(Neurobehavioral Systems; www.neuro-bs.com). In addi-
tion to recording the card choices and their outcomes,
the childrenʼs behavior was videotaped. EEG was re-
corded with a sampling rate of 500 Hz from 32 scalp sites
according to the International 10–20 system, using active
Ag/AgCl electrodes (ActiCAP), Brain Amp DC, and Brain
Vision Recorder software (Brain ProductsGmbH,Germany).
The data were filtered on-line with a low cutoff at 0.016 Hz
and a high cutoff at 125 Hz. Electrode impedances were
kept below 25 kΩ. The left mastoid was used as the
on-line reference. Off-line, the data were rereferenced
to the averaged mastoids.
Data Analysis
Behavioral performance was analyzed in terms of the
percentage of correct outcomes on second turns. A video
analysis was performed to exclude invalid trials, which
were identified using the following criteria: (1) First or
second turns in which the child did not attend to the
screen during the turning of the cards (feedback pre-
sentation) and (2) second turns that were preceded by
distraction (i.e., when the child was distracted from the
information provided by the first turn).
Feedback-locked ERPs were obtained by creating EEG
segments between 200 msec before and 1600 msec after
feedback onset (i.e., the appearance of the picture on the
card that was chosen in the first turn). As in previous
studies on the FRN, a 200-msec prefeedback period
was used for baseline correction (e.g., Hajcak, Moser,
Holroyd, & Simons, 2006; Holroyd, Hajcak, & Larsen,
2006). A 30-Hz low-pass filter and filter padding were
applied. Upon visual inspection of the feedback-locked
ERPs, trials containing artifacts were rejected from further
analysis. For each participant, an averaged feedback-
locked ERP was obtained per outcome category: (1) cor-
rect first turn and (2) incorrect first turn. The final data
set was restricted to participants who provided at least
10 behaviorally valid trials that were free of EEG artifacts
for each of the two outcome categories. On average, the
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total number of excluded trials was 33.78% (SD =
16.61%) for trials with correct first turns and 30.92%
(SD = 15.66%) for trials with incorrect first turns. The
mean number of trials included in the statistical analysis
was 15.75 (SD = 5.63, range = 10–26) for correct first
turns and 16.17 (SD = 5.42, range = 10–26) for incorrect
first turns.
As a measure of the FRN, we calculated the mean
amplitude within a 100-msec time window. To define
the FRN time window, we determined the latency of the
peak amplitude in the difference wave, which was cal-
culated by subtracting the grand average of the activity
elicited in response to correct first turns from the activity
elicited in response to incorrect first turns (cf. Holroyd &
Coles, 2002). We centered the 100-msec time window
around the peak of the negative deflection in the dif-
ference wave, which was 372 msec after feedback onset.
Subsequently, this time window was applied in the analy-
sis of the feedback-locked ERPs for correct and incorrect
outcomes, separately. Note that the time window of anal-
ysis was data-driven rather than based on previous reports
in adults and older children. As ERP components are
known to shift in latency with increasing age (Nelson &
McCleery, 2008), the time window of analysis could not
be defined a priori. In contrast, the selection of elec-
trodes for the statistical analysis was based on the adult
FRN literature, which has generally identified the frontal
midline electrodes Fz, FCz, and Cz to show the strongest
effect (Mai et al., 2011; Bellebaum, Polezzi, & Daum,
2010; Boksem, Kostermans, & de Cremer, 2010; Fukushima
& Hiraki, 2009; Bellebaum & Daum, 2008; Holroyd &
Krigolson, 2007; Gehring & Willoughby, 2002). Because
ACC has been suggested as the cortical source of the FRN
(Bellebaum & Daum, 2008; Debener et al., 2005; Gehring
& Willoughby, 2002; Miltner et al., 1997), we expected a
similar frontal midline topography for young children. To
additionally verify this a priori selection of electrodes, we
subsequently plotted a topographic map of the difference
wave at the maximum peak of the difference between
correct and incorrect first turns.
Statistical analyses were performed using SPSS 15.0 for
Windows (SPSS Inc., Chicago, IL). To test the effect of
feedback (correct outcome versus incorrect outcome in
the gambling phase), the mean amplitudes of the feedback-
locked ERPs were entered as within-subject factors in a
two-way repeated-measures ANOVA. Electrode (Fz, FCz,
and Cz) was included as an additional within-subject
factor. The assumption of sphericity was tested, and cor-
rected values are reported where appropriate. After visual
inspection of the feedback-locked ERPs (see Figure 2), we
conducted an additional analysis of the ERP data to inves-
tigate whether the FRN amplitude difference was related to
the latency difference between correct and incorrect out-
come waveforms. Possibly larger latency differences be-
tween the two types of feedback-locked ERPs (correct
and incorrect outcome) could lead to larger amplitude dif-
ferences in the FRN time window. Consequently, the FRN
amplitude difference would reflect differences in proces-
sing speed rather than a distinction in amplitude as found
typically in the adult FRN literature (Walsh & Anderson,
2012). To test whether latency differences were closely
related to the FRN amplitude difference, we correlated
individual latency differences (correct-incorrect) of the
negative peak (between 0 and 1000 msec locked to feed-
back onset) with individual amplitude differences in the
FRN time window (correct − incorrect). To further test
for possible differences in peak latency between conditions,
we conducted a repeated-measures ANOVA with the fac-
tors Feedback (correct vs. incorrect) and Electrode (Fz,
FCz, and Cz) on the latency values of the negative peak
(between 0 and 1000 msec locked to feedback onset).
Figure 2. Feedback-locked ERPs for correct (blue, dashed line) and
incorrect (red, solid line) first turns. The dotted black line illustrates the
difference between correct and incorrect first turns. Mean ± 1 SE are
plotted in accordingly shaded areas for electrode Fz, FCz, and Cz.
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In addition to analyzing the electrophysiological data
only, we performed a correlational analysis assessing
any relation between the electrophysiological data and
the behavioral performance. As a measure of electro-
physiological differentiation between feedback on correct
and incorrect outcomes, the amplitude for incorrect first
turns was subtracted from the amplitude for correct first
turns. Thus, a larger, positive number on this measure
reflected a larger degree of differentiation. We reasoned
that the ability to distinguish correct and incorrect out-
comes in the gambling phase (as reflected by the differen-
tial EEG response) would enable the use of this feedback
information to perform second turns (i.e., the informed
phase) correctly. Therefore, the measure of electrophy-
siological differentiation was entered in a correlation
analysis to determine its association with behavioral per-
formance (defined as the percentage of correct second
turns). After validating the normality assumption for the
Pearsonʼs r, the correlation coefficient was determined
for the average of Fz, FCz, and Cz.
RESULTS
Behavioral Data
Of the 12 toddlers whose data were included in the
statistical analyses, six completed all 55 trials. On average,
the number of completed trials was 47.58 (SD = 10.03),
ranging between 26 and 55. The mean percentage of
correct first turns was 50.42% (SD = 7.78%), as expected
given the gambling nature of the first turns. Of the second
turns, on average 81.74% (SD = 12.92%) were performed
correctly. Overall, toddlers performed significantly above
chance on the second trials of the game, t(11) = 8.511,
p < .001.
ERP Data
In the feedback-locked ERP, a negative deflection started
to emerge approximately 250 msec after the onset of
feedback. For feedback representing an incorrect first
turn, the negative deflection reached its peak at approxi-
mately 370msec. A negative deflection for correct outcomes
reached its maximum amplitude later, at approximately
470 msec (see Figure 2). The repeated-measures ANOVA
testing the effect of Feedback (correct vs. incorrect action
outcome) and Electrode revealed a significant main effect
on Feedback outcome, F(1, 11) = 6.82, p = .024, with the
amplitude of the negative deflection being more negative
for feedback on incorrect first turns (M = −16.94, SD =
2.23) than for feedback on correct first turns (M = −10.48,
SD = 2.55). A main effect of Electrode was marginally
significant, F(2, 22) = 3.27, p = .057, but no significant
effect was found for the interaction between Feedback
and Electrode, F(2, 22) = 1.58, p = .23. Closer inspection
of the marginally significant main effect of Electrode
revealed that amplitudes were most negative for FCz (M =
−15.38) and least negative for Fz (M = −11.44). Addition-
ally, a topographic map of the feedback effect (incorrect −
correct) at the peak onset of the difference wave (372msec)
illustrates the expected frontocentral scalp distribution
typical for the FRN (see Figure 3).
Correlating individual FRN amplitude differences with
individual latency differences did not show any signifi-
cant relation (r = .22, p = .50) between the two mea-
sures. Thus, the results render it unlikely that larger
differences in latency between processing the correct
and incorrect outcome are linked to larger FRN ampli-
tude differences.
In addition, the repeated-measures ANOVA testing for
differences in peak latencies indicated no significant dif-
ferences, neither for the individual factors Feedback
(correct:M= 449 msec, SE= 38; incorrect:M= 420msec,
SE = 19) and Electrode (Fz: M = 456 msec, SE = 36; FCz:
M = 434 msec, SE = 28; Cz: M = 413 msec, SE = 16), nor
for the interaction of these factors (all p > .05).
Correlation Analysis
Furthermore, we investigated the relation between the
differential ERP responses to feedback (correct vs. incor-
rect action outcome) and the individual task perfor-
mance. The correlation analysis revealed a statistically
significant, positive correlation between the differential
ERP responses and task performance (r = .70, p <
.05). More specifically, a larger electrophysiological dif-
ference between correct and incorrect first turns was
Figure 3. Topographic map of the feedback effect (incorrect− correct)
at the peak of the difference wave (372 msec). Note that because of
rejection of noisy channels in some of the toddlers, the electrodes
represent pooled data of a varying number of toddlers. The range of
participants included per channel is 5 (min) to 12 (max). In addition,
data are excluded in which the amplitude exceeded ±100 mV.
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associated with better behavioral performance on sec-
ond turns. The result of the correlation analysis are illu-
strated in Figure 4.
DISCUSSION
In this study, we explored the neural correlates of feed-
back processing and behavioral adjustment of 2.5-year-
old toddlers during a feedback-guided task. There are
two main findings: First, toddlers showed a feedback-
locked ERP with a more pronounced negativity following
incorrect outcomes providing the first neural evidence
for feedback processing in toddlers. Second, the degree
of neural feedback differentiation was related to the degree
of behavioral adaptations and thus reflected the func-
tionality of the developing feedback processing system.
Characteristics of the Feedback-related
Brain Potentials in Toddlers
Our toddler sample showed a differential brain response
to feedback indicating correct and incorrect action out-
comes, which is analogous to previous findings with
adults (Walsh & Anderson, 2012). Consistent with a
neural generator in ACC, the frontocentral scalp distribu-
tion of the toddlersʼ feedback effect also resembles the
topography seen in adults (Walsh & Anderson, 2012).
Still, as expected on the basis of previous developmental
ERP studies (cf. De Haan, 2007), the waveforms in
toddlers differed slightly from the typical feedback-
locked waveforms found in adults (e.g., in latency and
amplitude). For instance, the peak amplitude of the
FRN was delayed for the toddlers (372 msec after stimu-
lus onset in our toddler sample compared with 250 msec
in adults; Holroyd et al., 2006). This latency shift is in
accordance with indications of delayed neural process-
ing as found with developmental populations in general
(e.g., Csibra, Kushnerenko, & Grossmann, 2008). Delayed
neural processing has, for instance, been associated with
protracted development of neuronal myelination in the
cortex (e.g., Casey et al., 2005). Visual inspection of the
toddlersʼ feedback-locked waveforms might also suggest
that amplitude differences in the FRN window result
from latency differences between the peaks for correct
and incorrect outcomes (see Figure 2). However, statis-
tical tests did not provide any support for this possibility,
as there was no significant correlation between the
latency and amplitude differences in the ERP and no dif-
ference in latency between conditions. Moreover, our
findings are in line with the findings of Mai and col-
leagues (2011), who showed a feedback-locked ERP
peaking at 370 msec in 4- to 5-year-olds. Although their
results on ERP latency were coherent with our findings,
Mai and colleagues (2011) were unable to find indica-
tions of a distinction with respect to outcome correct-
ness. This discrepancy might be because of the different
feedback–reward procedures used in their study (see Mai
et al., 2011). Mai and colleagues (2011) used a game in
which childrenʼs actions were always rewarded with a
prize, with the outcomes varying between “nicest” and
“least nice” prizes, based on individual rank ordering. It
is possible that this difference might have been too subtle
to detect a clear distinction of outcome correctness on
a neural level. High variability and a low signal-to-noise
ratio often mask small effects in infant and toddler EEG
data with a typically limited amount of trials (e.g., Hoehl
& Wahl, 2012). Previous research in young and old popula-
tions by Marco-Pallarés and colleagues (2011) highlights
the role of the signal-to-noise ratio for the detection of a
stable FRN. The signal and variability of the current toddler
FRN are displayed in Figure 2. The depicted relation of sig-
nal to variability supports that despite a relatively low num-
ber of trials a reliable FRN can be determine, dependent on
the signal-to-noise ratio (Marco-Pallarés et al. 2011).
One possible limitation of the current findings is that
the results might have been augmented by the per-
ceptual properties of the feedback stimuli. However,
the relation between ERP differentiation and behavioral
adaptations renders it unlikely to be the sole source of
the findings. In the current setup, we defined the pre-
sentation of two matching pictures as a correct action
outcome, whereas an incorrect action outcome con-
sisted of two nonidentical pictures. In adults, an ERP
component called the mismatch N2, N200, or N270 is
elicited by the perceptual conflict of mismatching items
(Baker & Holroyd, 2011; Folstein & van Petten, 2008).
This might have influenced the currently observed pat-
tern of brain potentials (see Baker & Holroyd, 2011;
Figure 4. Correlation between the differential feedback-locked ERP
amplitude and behavioral performance on second turns pooled over
electrodes Fz, FCz, and Cz.
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Jia et al., 2007). Analogously, in the domain of processing
oddball stimuli, Holroyd (2004) discussed similarities in
morphology of the (oddball) N200 and the FRN, two
ERP components found to overlap (Holroyd, Pakzad-
Vaezl, & Krigolson, 2008). Although the N200 and the
FRN have a similar electrophysiological origin and time
course, a recent study by Baker and Holroyd (2011)
suggests that they still represent dissociable processes.
Although it is not possible to determine the extent to
which a perceptual component might have affected the
present ERP data, the correlational findings with respect
to the relation between brain potentials and behavior
support the reflection of feedback processing in the
observed toddler ERP in this study. The correlation
of brain potentials with behavior indicates that the FRN
accounted for at least a significant part of the electro-
physiological difference between correct and incorrect
outcomes. Importantly, if the differential ERP reflected
processing on a perceptual level only, no correlations
with feedback-guided performance would be expected.
Thus, despite a potential overlap in components, the
observed ERP taps significantly into the functionality of
the toddlersʼ feedback processing system.
Functionality of the Developing Feedback
Processing System
The differential feedback-locked ERP and the feedback-
guided behavior found in the 2.5-year-olds provide evi-
dence for a generally functional feedback processing sys-
tem in early childhood. Besides a generally functional
feedback system, the correlation between the feedback-
related measures of neural activity and behavior still indi-
cates variability in the toddlersʼ feedback processing.
Those toddlers who showed a more pronounced differ-
ence in their feedback-related brain response to correct
and incorrect outcomes were better able to make use of
the feedback information in their performance.
So far, only few studies in adults report a link between
the FRN and subsequent behavior (Chen, Wu, Tong,
Guan, & Zhou, 2012; Hämmerer et al., 2010; Mathewson,
Dywan, Snyder, Tays, & Segalowitz, 2008; Cohen &
Ranganath, 2007). To our knowledge, Cohen and
Ranganath (2007) were the first to report empirical
evidence for the hypothesis that neural feedback pro-
cessing, as indicated by the FRN, is related to feedback-
guided behavior. In an EEG study, they showed that
feedback-related potentials to losses preceding subse-
quent behavioral adaptation were more negative than
the feedback-related potentials preceding no change
in behavior. Similarly, Hämmerer and colleagues (2010)
found that stronger differential neural activity to feed-
back was predictive of better subsequent performance
in older adults; a finding consistent with Mathewson
and colleagues (2008). This link between the FRN effect
and the level of performance in older adults was less
consistent in younger individuals between the age of 9
and 30 years (Hämmerer et al., 2010). The correlational
findings of the current toddler sample complement
these previous findings and offer supporting evidence
for a functional relation between FRN and feedback-
guided behavior.
Recently, Chen and others (2012) investigated feed-
back processing in the context of social conformity. Simi-
lar to Cohen and Ranganath (2007), Chen and colleagues
(2012) show that feedback-locked ERPs are more nega-
tive when they precede subsequent behavioral adapta-
tion in contrast to when the ERPs are followed by no
behavioral change. In addition, Chen and others (2012)
report a relation between the strength of the FRN effect
and the level to which the individuals adjusted their
behavior to the opinion of others, suggesting feedback
processing to be modulated by social factors. Whereas
the findings of Cohen and Ranganath (2007) are mainly
focused on the neural response to negative feedback and
behavioral adaptation, the correlations with behavior
found by Chen and others (2012) and Hämmerer and
colleagues (2010) as well as the current findings in
toddlers take into account the differential neural activity
between positive and negative feedback. In the follow-
ing, we will discuss potential implications of the correla-
tion between the toddlersʼ differential feedback-locked
brain response and their subsequent behavior.
The observed variability might reflect different under-
lying factors contributing to successful feedback pro-
cessing and feedback-based learning. Developmental
differences, individual differences, and state-related dif-
ferences within each individual might account for the
variability in the toddlersʼ feedback processing.
First, we will discuss possible contributions of develop-
mental differences to how the toddlers processed the
provided feedback. Toddlers might differ from one
another with respect to the maturity of their brain struc-
tures, which are related to feedback processing (e.g.,
ACC), as these areas are late to mature in children
(Gogtay et al., 2004). Activity in the medial prefrontal
areas is involved in the detection and evaluation of feed-
back in adults (see Walsh & Anderson, 2012, as review).
These areas might be relatively less mature in those
toddlers who show less proficient feedback processing
and behavioral adjustment compared with toddlers who
are better able to adjust their behavior. The immaturity of
structures such as ACC might in turn be reflected in
functional differences that appear on separate levels of
processing. Bush, Luu, and Posner (2000) distinguish
two levels of functional processing in ACC: cognitive
and affective/emotional processing. Cognitive mecha-
nisms such as attentional control still undergo fundamen-
tal developmental changes during early childhood
(Rueda, Posner, & Rothbart, 2004). In a neuroimaging
study on attentional control, Casey and colleagues
(1997) examined 5- to 16-year-old children and demon-
strated a close link between attentional control and struc-
tural characteristics of the right ACC. Because the
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feedback-guided task in the current experiment required
the allocation of attention to the screen and in particular
to the identity of the presented feedback, the functional
immaturity of the attentional control system might have
contributed to less focused allocation of attention and
hence the variability in feedback processing between
toddlers. Besides cognitive processing, ACC activity has
been associated to the processing and control of affective/
emotional inputs (see Bush et al., 2000, as review).
Throughout childhood and adolescence, developmental
changes of emotional processing are associated to
rostral and ventral areas of ACC and their functional
connectivity (see Kelly et al., 2009, for a review). A less
mature regulation of emotions might therefore have had
an influence on the perceived affective value of the pre-
sented feedback and result in the variability between
toddlers. Yet, in a study with adolescents and adults,
Santesso, Dzyundzyak, and Segalowitz (2011) did not
find indications for developmental differences related
to emotional regulation but rather individual differences
related to feedback sensitivity to account for variability in
the FRN.
Besides developmental differences, individual differ-
ences in sensitivity to feedback could underlie the toddlersʼ
variability in processing feedback. From research on indi-
viduals with depression (Tucker, Luu, Frishkoff, Quiring,
& Poulsen, 2003) and healthy individuals with self-
reported feedback sensitivity ratings (Segalowitz et al.,
2012; Santesso et al., 2011), it is evident that the ampli-
tude of the FRN differs between individuals in general
(see van Noordt & Segalowitz, 2012, for a review). Accord-
ingly, toddlers who show a smaller differential brain
response to feedback on their actions might be, in general,
less sensitive to feedback rather than reflecting a relatively
immature feedback processing system.
Both developmental and individual differences may
further be modulated by state-related changes. Evidence
from electrophysiological research with adults demon-
strates that motivational states can affect the amplitude
of the FRN (Walsh & Anderson, 2012; Luo, Sun, Mai,
Gu, & Zhang, 2011, as review). Therefore, less optimal
performance in the present task might reflect weaker
motivation to succeed in the task, rather than a lack of
capacity to process the feedback information. If motiva-
tional variability underlies the observed variability in the
toddlersʼ feedback-related ERP and behavior, this would
suggest at least two implications: On the one hand, it
would emphasize the role of motivation for feedback-
guided learning in toddlers and thus have implications
for educational practice. On the other hand, it would
suggest that already at the age of 2.5 years the feedback
processing system functions successfully in terms of both
feedback evaluation and subsequent adaptive behavior
given a high level of motivation. Future research is
needed to disentangle the contribution of developmen-
tal, individual, and state-related differences to feedback
processing in early childhood and to explore the influ-
ence of cognition and motivation/emotion in the relation
between neural and behavioral aspects of feedback pro-
cessing in toddlers.
In summary, the current findings are the first to demon-
strate neural correlates of feedback processing in 2.5-year-
old toddlers. The toddlers showed a more negative
deflection in the ERP to incorrect action outcomes, a
finding that parallels previous results from adult research.
Importantly, the stronger the differential brain response
to feedback was, the better the young children adjusted
their behavior based on the feedback. These findings
imply that feedback differentiation on a neural level is
tightly linked to the quality of feedback-guided learning
in young children and offer ground for future investiga-
tions on the interplay between structural brain maturation
and cognitive and emotional factors for feedback pro-
cessing in early childhood.
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